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To my family
Look deep into nature, and then you will understand everything better
-Albert Einstein

Abstract
Dense Phased Array Feeds (PAFs) for reﬂector antennas have numerous advantages
over traditional cluster feeds of horns in a one-horn-per-beam conﬁguration, espe-
cially in RF-imaging applications which require multiple simultaneously formed and
closely overlapped beams. However, the accurate analysis and design of such PAF
systems represents a challenging problem, both from an EM-modeling and beamform-
ing optimization point of view. The current work addresses some of these challenges
and consists of two main parts.
In the ﬁrst part the mutual interaction eﬀects that exist between a PAF consisting
of many densely packed antenna elements and an electrically large reﬂector antenna
are investigated. For that purpose the iterative CBFM-PO method has been devel-
oped. This method not only allows one to tackle this problem in a time-eﬃcient and
accurate manner, but also provides physical insight into the feed-reﬂector coupling
mechanism and allows to quantify its eﬀect on the antenna impedance and radiation
characteristics. Numerous numerical examples of large reﬂector antennas with vari-
ous representative feeds (e.g. a single dipole feed and complex PAFs of hundreds of
elements) are also presented and some of them are validated experimentally.
The second part of the thesis is devoted to the optimization of PAF beamformers
and covers two application examples: (i) microwave satellite radiometers for accurate
ocean surveillance; and (ii) radio telescopes for wide ﬁeld-of-view sky surveys. Based
on the initial requirements for future antenna systems, which are currently being
formulated for these applications, we propose various ﬁgures-of-merit and describe the
corresponding optimal beamforming algorithms that have been developed. Studies
into these numerical examples demonstrate how optimal beamforming strategies can
help to greatly improve the antenna system characteristics (e.g. beam eﬃciency,
side-lobe level and sensitivity in the presence of the noise) as well as to reduce the
complexity of the beam calibration models and overall phased array feed design.
Keywords: phased array feeds, reﬂector antenna feeds, beamforming, feed-reﬂector
interaction, radio telescopes, satellite radiometers.
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Part I
Introductory Chapters

Chapter 1
Introduction
Since recently, several types of so-called dense Phased-Array Feed (PAF) systems
for reﬂector antennas have been designed for applications in future instruments for
radio astronomy, Earth surface and space observations [111]. The main advantage of
these PAFs over conventional single-horn feeds and cluster feeds of horns is that the
inter-element separation distance of such dense PAFs can be much smaller than one
wavelength to allows the formation of multiple closely overlapping beams with high
eﬃciency [12]. Another advantage is that these PAFs can be equipped with digital
beamformers providing an individual complex excitation per array antenna element
and hence can realize an optimal illumination of the reﬂector aperture [1318]. These
advantageous properties are of great importance both for radio astronomy and Earth
observation applications requiring fast and wide ﬁeld-of-view (FOV) surveys.
1.1 Next generation radio telescopes
The eﬀectiveness of performing wide-ﬁeld surveys is characterized by the telescope's
survey speed, i.e., the speed at which a certain volume of space can be observed with
a given sensitivity. The survey speed is proportional to the size of the instantaneous
FOV and the frequency bandwidth, weighted by the sensitivity squared [19]. Present-
day aperture synthesis radio telescopes have a limited observation capability due to
the fact that only a small part of the sky can be observed simultaneously, which
therefore results in a low survey speed. In contrast, using PAFs as a reﬂector antenna
feed allows (i) to increase the receiving sensitivity of the reﬂector antenna due to
better illumination of the dish, and (ii) to form multiple simultaneous beams, which
can be closely overlapped, as a result of overlapping sub-arrays forming these beams,
to provide a continuous FOV [20].
The FOV of conventional telescopes with single-beam feeds is limited to one half-
power beamwidth, where the sensitivity takes the maximum value along the beam
axis and gradually decreases from its center. To image a larger region of the sky,
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astronomers use the mosaicing technique [21]. With this technique, a telescope
performs many observations by mechanically steering (scanning) the dish such that
the main lobes of the beams generated in subsequent observations closely overlap
and form an almost continuous beam envelope when superimposed. The large-ﬁeld
image is therefore formed by composing a mosaic of smaller sized overlapping images
taken during these observations. According to Nyquist's ﬁeld-sampling theorem, a
uniform sensitivity of the combined image is achieved when the beam separation is
equal to or smaller than one half of the half-power beamwidth [22]. A larger spacing
between the observations results in a sensitivity ripple over the FOV. The maximum
allowable ripple will depend on the particular science case.
PAFs can provide many closely overlapping beams in one snapshot, thereby
greatly improving the size of the FOV. However, to meet the required ﬁeld-sampling
limit with a cost-eﬀective number of PAF beams, their shapes should be optimized
and the maximum achievable sensitivity should be traded against the maximum tol-
erable sensitivity ripple over the FOV.
In addition to a continuous FOV and high sensitivity, high polarization discrimi-
nation is required for large-ﬁeld surveys [2325]. For this purpose, the incident ﬁeld
is sampled by two orthogonally polarized receptors or beams. In radio astronomy,
the polarization purity of the resulting images is established after extensive oine
calibration of the data. In this respect, two antenna design aspects are of particular
importance: the stability (i.e. variation over time) of the co- and cross-polarized
beams; and the orthogonality of the two beams in the direction of incidence. This
requires that the beams are formed simultaneously and span a 2-D basis along which
the incident ﬁeld is decomposed. Future PAF-equipped telescopes are potentially
accurate polarimeters thanks to the ﬂexibility that digital beamforming oﬀers. How-
ever, although the orthogonality of the beam pair in the direction of observation may
be improved electronically, it is important that the intrinsic polarization character-
istics of the beams are suﬃciently good to minimize such corrections as they may
compromise the receiving sensitivity.
Another important concern about radio telescopes is their calibration procedure.
This requires accurate models of the instrumental parameters and propagation con-
ditions, which vary over time, so that the model parameters have to be determined
during the observation time through a number of calibration measurements [26]. To
perform calibration of radio telescopes eﬃciently, the number of model parameters
should be minimal. One of the instrumental parameters that needs accurate char-
acterization is the radiation pattern of the antenna, which is especially challenging
for future array based multiple beam radio telescopes due to complexity of such
instruments and increased size of the FOV.
To be able to characterize all beams inside the FOV by means of a simple beam
model, beamforming techniques can be used to create similarly shaped beams [27,28].
However, this leads to a loss in the receiving sensitivity requiring us to employ more
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advanced but still simple beam models. An attempt to develop such beam model in
conjunction with constrained beamforming technique is made in this work.
1.2 Satellite radiometers for Earth observations
Besides radio astronomy applications, PAFs are used in other applications, such as
remote sensing of the atmosphere and the Earth's surface [29,30]. However, there are
some important diﬀerences in requirements for the instruments in these applications.
For example, receivers for Earth remote sensing are typically designed to measure high
brightness temperatures (75−300 K) along with short integration times, while in radio
astronomy very low brightness temperatures are of interest and the integration time
can reach many hours. Therefore, the receiving sensitivity is one of the key instrument
characteristics, in particular for radio astronomy applications. On the other hand,
for Earth remote sensing applications, such as the assessment of ocean parameters
(salinity, sea surface temperature, ocean vector wind), additional speciﬁcations for
high beam eﬃciency and measurement accuracy near a coast line are required [10,31].
Recent advances in phased array antenna technologies and low-cost active elec-
tronic components open up new possibilities for designing Earth observation instru-
ments, in particular those used for radiometric measurements. Nowadays, two de-
sign concepts of microwave radiometers are in use: push-broom and whisk-broom
scanners [32]. Push-broom scanners have an important advantage over whisk-broom
scanners in providing larger FOV with higher sensitivity, owing to the fact that these
systems can observe a particular area of the ocean for a longer period of time with
multiple simultaneous beams. However, the drawback of pushbroom designs  based
on conventional focal plane arrays of horns in one-horn-per-beam conﬁguration [33]
or clusters with simplistic beamforming schemes [34]  is the FOV varying sensitiv-
ity. This variation occurs due to the diﬀerences between scanned beams, as these are
formed by diﬀerent horns or clusters, and their large beam separation distance on
the oceanic surface, which caused by a large separation distance between the horns.
This drawback may be signiﬁcantly reduced by employing dense PAFs, i.e., phased-
array feeds consisting of many electrically small antenna elements utilizing advanced
beamforming schemes [1517]. This technology has been extensively studied during
the last decade in the radio astronomy community, and several telescopes are cur-
rently being equipped with dense PAFs [7, 35, 36]. While those systems aim at pro-
viding scan ranges of about 5−10 beamwidths, for applications as herein considered,
the desired scan range (swath range of the radiometer) is one order of magnitude
larger [10]. To achieve this large scan-range performance, more complex reﬂector
optics and FPA designs are required. For push-broom radiometers, various optics
concepts have been investigated [33], and the optimum solution has been found to
be an oﬀset toroidal single reﬂector antenna, such as illustrated in Fig. 1.1. This
reﬂector structure is rotationally symmetric around its vertical axis, and thus is able
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Figure 1.1: Operational principle of a push-broom microwave radiometer, which includes an oﬀ-set
toroidal reﬂector antenna fed with a multi-beam focal plane array of horns arranged perpendicular
to the ﬂight direction of the spacecraft. Diﬀerent areas of the ocean-surface are scanned as the
spacecraft ﬂies forward.
to cover a wide swath range. However, its aperture ﬁeld exhibits signiﬁcant phase
errors due to the non-ideal (parabolic) surface of the reﬂector, which requires the use
of a more complex feed system.
1.3 Modeling, design and calibration challenges of
novel Phased Array Feeds
The design of the above-mentioned highly complex PAF systems requires the de-
velopment of accurate and eﬃcient modeling techniques. This is a challenging task
considering the size of the reﬂector used in radio astronomy and Earth observation
applications, which can be hundreds of wavelengths in diameter, as well as the size of
the PAF, which is too small to be analyzed with an inﬁnite array simulation approach
(which also has limitations on the excitation schemes), but too large for the direct
usage of full-wave methods implementing plain MoM or FDTD techniques that run
on standard computing platforms.
During the last decades, a number of analytical and numerical techniques have
been developed to model feed-reﬂector interaction eﬀects. For example, in [37], the
4
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multiscattered ﬁeld between the feed and reﬂector is approximated by a geometric
series of on-axis plane wave (PW) ﬁelds, each of which is scattered by the antenna
feed due to its incident PW at each iteration, and where the amplitudes of these PWs
are known in closed-form for a given reﬂector geometry. This method is very fast and
insightful, while MoM-level accuracy can be achieved for single-horn feeds, but not
for array feeds as demonstrated in Paper 2. An alternative approach is to use more
versatile, though more time-consuming, hybrid numerical methods combining Phys-
ical Optics or Gaussian beams for the analysis of reﬂectors with MoM and/or Mode
Matching techniques for horn feeds [38, 39]. The recent article [40] has introduced a
PO/Generalized-Scattering-Matrix approach for solving multiple domain problems,
and has shown its application to a cluster of disjoint horns. This approach is generic
and accurate, but may require the ﬁlling of a large scattering matrix for electrically
large PAFs and/or multifrequency front-ends (MFFEs) that often includes a large
extended metal structure [41]. Other hybrid methods, which are not speciﬁc for solv-
ing the present type of problems, make use of ﬁeld transformations, ﬁeld operators,
multilevel fast multipole approaches (MLFMA), and matrix modiﬁcations [4245].
Recently, a Krylov subspace iterative method has been combined with an MBF-
PO approach for solving feed-reﬂector problems [46], and complementary to this, an
iteration-free CBFM-PO approach has been presented by Hay, where a modiﬁed re-
duced MoM matrix for the array feed is constructed by directly accounting for the
presence of the reﬂector [47]. However, most of these methods are either complicated
or slow, or do not allow for the extraction of the feed-reﬂector interaction eﬀect in a
systematic manner.
Besides the eﬃciency and simplicity of modeling techniques, their accuracy is of
great importance too. For example, the present-day radio telescopes with single-beam
feeds can achieve a dynamic range upward to 106 : 1 along the on-axis beam direction.
However, the oﬀ-axis dynamic range is severely limited by uncertainties and temporal
instabilities in the beam patterns caused by mispointing and mechanical deformations
of the dishes, as well as station-to-station diﬀerences in the beam patterns [48, 49].
A number of calibration techniques for dealing with these eﬀects have been proposed
and used in practical systems [21, 26]. For novel PAF-based telescopes, the beam
calibration is a new challenging ﬁeld and there is not yet a clear consensus on what
constitutes a good beam pattern. Furthermore, the mutual coupling between the
PAF and the dish(es) of a reﬂector antenna give rise to a frequency dependent ripple
in the antenna radiation and impedance characteristics [50], which exacerbate the
calibration, and accurate system models can help alleviating that.
In conclusion, the challenges in modeling, designing and calibrating novel PAFs,
are:
• complexity to accurately model a large antenna array of complex antennas,
including mutual coupling between array elements;
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• cumbersomeness of analyzing a combined PAF-reﬂector structure due to large
size of the reﬂector and mutual coupling between feed and dish(es) (multi-scale
problem);
• development of optimal beamforming algorithms that provide performance re-
quirements on multiple antenna characteristics (e.g. beam eﬃciency, side-lobe
level, sensitivity, etc), while realizing easy-to-calibrate beam shapes and main-
taining minimum complexity of the array design (minimum number of elements,
similarity of sub-arrays, etc).
1.4 Goal and outline of the thesis
The herein presented work is devoted to address the following challenges: (i) the
development of the reﬂector antenna model, which accounts for the feed-reﬂector
coupling and provides physical insight in the coupling processes, and the analysis
of several reﬂector antennas for diﬀerent types of feeds and determining which of
these feeds are preferred in terms of low feed-reﬂector coupling and overall antenna
performance; (ii) the design of PAFs for an oﬀset toroidal reﬂector antenna and the
development of optimal beamforming algorithms for accurate radiometric measure-
ments; (iii) improving the calibratibility of the beam shape of a radio telescope.
This thesis is organized as follows. In Chapter 2 a general CBFM-PO model of a
reﬂector antenna system is developed. This model is based upon the Jacobi method
for solving a system of linear equations iteratively. The Characteristic Basis Function
Method (CBFM) is used to model the feed, while the Physical Optics (PO) approach
is used to model the current on the reﬂector at each iteration.
To speed-up the method, several acceleration techniques are developed: the ﬁeld
scattered from the reﬂector is expanded in a Plane Wave Spectrum (PWS), while
the ﬁeld radiated/scattered by the feed is computed at few near-ﬁeld points only
and then interpolated in order to ﬁnd the PO current distribution on the reﬂector
surface. This allows us to simulate a reﬂector antenna 5 − 100 times faster than a
pure CBFM-PO approach.
Afterwards, the developed method is used to model large reﬂector antennas (38λ
and 118λ) fed by diﬀerent types of feeds: (i) a single dipole above a ground plane;
(ii) a 20-elements dipole array; (iii) a 121-element dipole array; (iv) a 121-element
Vivaldi array; (v) a classical pyramidal horn with aperture size of ∼1λ, and; (vi) the
same horn with extended ground plane, which could represent a feed cabin of the
reﬂector antenna.
Chapter 3 describes a PAF design procedure and several beamforming strate-
gies. The ﬁrst part of the chapter is devoted to the application of PAFs in satellite
radiometers observing the sea surface, where the requirements for such radiometers
are speciﬁed and translated to performance ﬁgures in terms of antenna character-
6
1.4. Goal and outline of the thesis
istics. Next, the design procedure of the reﬂector and the array feed is presented.
Afterwards, a customized beamforming algorithm is developed for improving the an-
tenna system characteristics while reducing the size/complexity of the PAF. Finally,
numerical results for the designed radiometer equipped with a PAF are presented.
At the end of the chapter it is shown how a constrained beamforming strategy
can be used to improve the calibration eﬃciency of the PAF beam shape of a radio
telescope.
The conclusions and recommendations are described in Chapter 4.
7
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Chapter 2
Electromagnetic Analysis of Reﬂector
Antennas with Phased Array Feeds
Including Feed-Reﬂector Multiple
Reﬂection Eﬀects
The characterization of feeds in unblocked reﬂectors and on-axis beams can be han-
dled by the traditional spillover, illumination, polarization and phase subeﬃciency
factors deﬁned for rotationally symmetric reﬂectors in [51], and be extended to in-
clude excitation-dependent decoupling eﬃciencies of PAFs [20,52]. The current work
investigates the eﬀects of aperture blockage and multiple reﬂections on the system
performance in a more generic fashion than it was done in [37] and [53] for rotationally
symmetric antennas and single-pixel feeds.
2.1 Analysis method: formulation and validation of
the iterative CBFM-PO approach
The herein proposed analysis method is based on the Jacobi method intended to solve
a system of linear equations in an iterative manner. Suppose that the MoM matrix
equation for the entire reﬂector antenna (including both the dish and the feed) is
given by
ZI = V, (2.1)
where Z is the MoM matrix of size K ×K and V is a K × 1 excitation vector.
This matrix can be decomposed into matrix blocks as[
Zrr Zrf
Zfr Zﬀ
][
Ir
If
]
=
[
Vr
Vf
]
, (2.2)
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where Zrr and Zﬀ are the MoM matrix self-blocks of the reﬂector and feed, re-
spectively1, and Vr and Vf are the corresponding excitation vectors. The matrix
Zrf = (Zfr)T contains the mutual reactions involving the basis functions on the feed
and reﬂector. The unknown current expansion coeﬃcient vectors are denoted by Ir
and If.
It can be shown that the solution to Eq. (2.2) can be written as an inﬁnite
geometric series (see Paper 3 for the derivation), which, in turn, can be represented
by the recursive scheme:
Reﬂector
Ir =
∞∑
n=0
Irn (2.3a)
Irn+1 = −(Zrr)−1ZrfIfn (2.3b)
Ir0 = (Z
rr)−1Vr (2.3c)
Feed
If =
∞∑
n=0
Ifn (2.4a)
Ifn+1 = −(Zﬀ)
−1
ZfrIrn (2.4b)
If0 = (Z
ﬀ)
−1
Vf (2.4c)
The cross-coupled recursive scheme as formulated by Eqs. (2.3) and (2.4) is ex-
empliﬁed in Fig. 2.1 as a ﬁve-step procedure, in which the problem is ﬁrst solved in
isolation to obtain Ir0 and I
f
0. Afterwards, the feed current I
f
0 is used to induce the
reﬂector current Ir1, which is then added up to the initial reﬂector current. Likewise,
the initial reﬂector current Ir0 is used to induce the feed current I
f
1, which is then
added to the initial feed current, and so forth.
Rather than computing the reﬂector and feed currents through the large-size
MoM matrix blocks Zrr, Zrf, Zfr, and Zﬀ, additional computational and memory
eﬃcient techniques can be used for the rapid computation of these currents at each
iteration. Here, the Physical Optics (PO) current is used on the reﬂector surface
and the Characteristic Basis Function Method (CBFM, [55]) is invoked as a MoM
enhancement technique for computing the current on the feed. Please see the Paper 3
for details on how this is done.
The above described approach has been validated using the MoM solver as part of
the CAESAR software [55,56] and the commercial software FEKO [57] (c.f. Paper 3
for details).
2.2 Acceleration techniques
The above-described approach allows us to simulate reﬂector antennas employing
electrically large reﬂectors fed by complex feeds like PAFs of hundreds of Vivaldi an-
tennas. However, the approach requires the ﬁeld to be computed at numerous points
on both the feed and the reﬂector surfaces, thereby rendering the ﬁeld computations
1Here Zﬀ includes the eﬀect of the antenna port terminations [54].
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Step (i)
Zload
V
If0
Transmit case:
Ir0 = 0
Step (ii)
Ir1
Step (iii)
If1
Step (iv)
Ir2
Step (v)
Zload
V
If = If0 + I
f
1 + I
f
2 + . . .
Ir = Ir0 + I
r
1 + I
r
2 + . . .
Figure 2.1: Illustration of the cross-coupled iterative scheme for the multiscattering analysis of
the feed-reﬂector interaction eﬀects, as formulated by Eqs. (2.3) and (2.4): (i) The antenna feed
radiates in the absence of reﬂector; (ii) the radiated ﬁeld from feed scatters from the reﬂector; (iii)
the scattered reﬂector ﬁeld is incident on the terminated feed and re-scatters; (iv) the re-scattered
ﬁeld from the feed is incident on the reﬂector; etc. (v) the ﬁnal solution for the current is the sum
of the induced currents.
ineﬃcient, in particular for complex-shaped electrically large feed antennas employ-
ing hundreds of thousands of low-level basis functions. Similarly, one has to cope
with a computational burden when calculating the PO equivalent current on elec-
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trically large reﬂectors. In this section a few enhancement techniques are presented
that accelerate the ﬁeld computations while maintaining high accuracy.
2.2.1 Single plane wave approximation of the reﬂector ﬁeld
The method described here relies on the fact that the ﬁeld scattered from the reﬂector
resembles a plane wave (PW), and therefore can be deﬁned by a single PW mode
amplitude. In [37] this amplitude is expressed analytically at each iteration for a
given reﬂector geometry, and the scattered ﬁeld of the feed is approximated by a
geometric series of ﬁelds scattered by the antenna feed due to an incident plane wave
with known amplitude. With reference to Fig. 2.2, the total radiation pattern of the
feed Etot (including feed-reﬂector coupling) can be expressed as
Etot(θ, φ, r) = Er(θ, φ, r) +
− 1
r0
A(0) exp (−jk2r0)
1 + 1
r0
As(0) exp (−jk2r0)Es(θ, φ, r), (2.5)
where Er and Es are the radiation and scattering far-ﬁeld patterns of the feed in
isolation correspondingly, and A(0) and As(0) are values of the co-polarization com-
ponent of these ﬁelds in the on-axis direction [see Fig. 2.2(a) and 2.2(b)]; r0 is the
distance between the reﬂector apex and the phase reference point with respect to
which Er and Es are deﬁned.
A(0)
Er Etot
r0
Phase ref. 
point
Plane 
wave
As(0)
Es
Phase ref. 
point
(a) The radiation
pattern of the feed
on transmit
A(0)
Er Etot
r0
Phase ref. 
point
Plane 
wave
As(0)
Es
Phase ref. 
point
(b) The scattering
pattern of the feed
due to an incident
unit PW from the
direction of the
reﬂector
(c) The total pattern of the
feed including coupling with
the reﬂector
Figure 2.2: Semi-analytical PW approximation as described in [37].
However, as shown in Paper 2, this semi-analytical approach works well only when
the feed is small w.r.t. the reﬂector and when it has low-scattering properties. If the
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feed becomes electrically large and high-scattering (such as for conventional multi-
frequency front-ends in radio telescopes), the accuracy of this method deteriorates. In
order to improve the accuracy, the plane wave coeﬃcient can be computed numerically
at each iteration. To do so, the ﬁeld scattered from the reﬂector is sampled in the
focal plane, and the PW coeﬃcient is computed as an average of the sampled ﬁeld
values on a regular grid (see Paper 2 for the derivation):
α ≈ 1
K
K∑
k=1
Erefp (rk), (2.6)
where Erefp is the dominant p-component of the focal ﬁeld, and the set {rk}Kk=1 are K
sample points, which are assumed to be located on a uniform grid in the focal plane.
In summary, the plane-wave-enhanced MoM/PO method consists of the following
steps: (i) the antenna feed currents are computed through a method-of-moments
(MoM) approach by exciting the antenna port(s) in the absence of the reﬂector;
(ii) these currents generate an EM ﬁeld which induces PO-currents on the reﬂector
surface; (iii) the PO currents create a scattered ﬁeld that is tested at only a few
points in the focal plane; (iv) the ﬁeld intensity at the sample points is averaged in
accordance with (2.6), and the obtained value is used as the expansion coeﬃcient for
the plane wave traveling from the reﬂector towards the feed; (v) this incident plane
wave induces a new current distribution on the feed structure. The steps (ii)(v) are
repeated until a convergence condition is met.
The following three types of feeds are used to illuminate a reﬂector antenna: (i) a
pyramidal horn with aperture diameter in the order of one wavelength; (ii) a pyrami-
dal horn with extended ground plane, and; (iii) an 121-element dual-polarized dipole
array (see Fig. 2.3). All antennas are impedance power-matched, so that the an-
tenna component [58] of their corresponding radar cross-section (RCS) is minimized.
However, the residual component of the RCS of the horn with ground plane is still
high due to the extended metal structure surrounding it, so that this feed is a high
scattering antenna and strong feed-reﬂector coupling can be expected.
The above feeds are used to illuminate two parabolic reﬂectors with aperture
diameters 38λ and 118λ, and the errors introduced by the PW approximation in the
focal ﬁeld and scalars antenna characteristics are computed as
1 =
√∑
k
|Erefp;k − Emodp;k |2√∑
k
|Erefp;k|2
× 100% (2.7)
2 =
|f ref − fmod|
|f ref| × 100%, (2.8)
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where Erefp;k and E
mod
p;k are the k-th sample of the discretized p-components of the actual
focal E-ﬁeld Eref(x, y) and the focal ﬁeld modeled by a plane wave Emod(x, y) respec-
tively; f ref and fmod is the gain or antenna input impedance, reference and modeled
values, respectively. The MoM/PO results without the plane wave approximation
are used as the reference solution.
Table 2.1: Errors due to the plane wave approximation
Focal ﬁeld
Gain
(on-axis)
Gain
(@−3 dB) Impedance
Reﬂector
diameter D
38λ 118λ 38λ 118λ 38λ 118λ 38λ 118λ
Feed: Pyramidal horn
Parameter
variation, %
3.91 1.23 1.98 0.62 3.99 2.16 15.05 4.66
Method: Error, %
Method 1 0.3 0.05 0.28 0.05 0.36 0.14 1.37 0.18
Method 2 0.1 0.04 0.16 0.04 0.3 0.13 0.09 0.03
Feed: Pyramidal horn with extended ground plane
Parameter
variation, %
139.3 39.1 19.2 3.4 29.4 3.56 43.4 6.1
Method: Error, %
Method 1 37.7 1.29 12.7 0.1 10.1 0.17 18.5 0.2
Method 2 11.9 0.48 2.23 0.07 4.71 0.15 12.46 0.11
Feed: 121-element dual-polarized dipole array
Parameter
variation, %
8.45 3.28 1.84 0.28 3.68 0.73 5.8 1.7
Method: Error, %
Method 1 0.61 0.11 0.21 0.03 0.15 0.02 0.34 0.08
Method 2 0.44 0.1 0.12 0.03 0.08 0.03 0.58 0.05
(a) Horn (b) Horn with gnd plane (c) Dipole array
Figure 2.3: Considered feed geometries (in addition to the dipole feed with PEC ground plane):
(a) a classical pyramidal horn with aperture length ∼1λ; (b) the same horn but with extended
ground plane (∼3.7λ), where the ground plane may model the presence of a large feed cabin; (c) an
antenna array consisting of 121 0.45λ-dipoles above a ground plane of the same size; (d) the same
array, but with the dipoles replaced by wideband tapered slot Vivaldi antennas.
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The above errors that have been computed for both the semi-analytical and the
numerical PW-approximation approaches are summarized in Table 2.1. We will refer
to the semi-analytical method as Method 1, while the herein proposed approach is
denoted as Method 2.
The total simulation time (10 frequency points) for the 38λ reﬂector fed by the
considered feeds is shown in Table 2.2.
Table 2.2: Total simulation time
Horn
Horn with
gnd plane
Dipole array
Vivaldi
array
MoM-PO, no
approximations
9 min 05 sec
(100%)
59 min 21 sec
(100%)
71 min 09 sec
(100%)
197 min 04 sec
(100%)
Method 1
0 min 39 sec
(7%)
1 min 12 sec
(2%)
4 min 49 sec
(7%)
33 min 58 sec
(17%)
Method 2
2 min 32 sec
(28%)
13 min 28 sec
(23%)
19 min 19 sec
(27%)
67 min 06 sec
(34%)
By analyzing Table 2.1 and Table 2.2 the following observations can be made:
• Method 1 is numerically eﬃcient and accurate for small feeds (whose sizes are
in the order of one wavelength) and for low-scattering feeds, but fails in case
of large high-scattering feeds, such as MFFEs, because the focal ﬁeld produced
by the feed scattering pattern has a high level and a highly tapered shape;
• Method 2 provides a better prediction of all the system parameters, since it
accounts for the actual shape of the scattering pattern when ﬁtting the plane
wave to it; however, it is slower than Method 1;
• Both methods are accurate in case of large reﬂectors, because the multiscat-
tering eﬀects are less pronounced (see Parameter variation in Table 2.1), and
the ﬁeld scattered from the reﬂector is close to a plane wave at all iterations.
For the focal ﬁeld distribution plots and more detailed discussions, see Paper 2.
2.2.2 Plane wave spectrum (PWS) approach
Further improvement of the accuracy can be achieved by expanding the sampled focal
ﬁeld into a plane wave spectrum (PWS) [5961].
With reference to Fig. 2.4, a grid of sampling points in the xy-plane P in front of
the feed at z = 0 is chosen for the expansion of the PO radiated ﬁeld in terms of a
PWS. Each PW propagates to a speciﬁc observation point r on the feed where the
ﬁeld Ei,f is tested. This process of ﬁeld expansion and PW propagation is realized
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through the application of the truncated Fourier Transform pair [59]
A(kx, ky) =
1
2pi
ymax∫
−ymax
xmax∫
−xmax
Ei,f(x, y, z = 0)ej(kxx+kyy) dx dy (2.9a)
Ei,f(r) =
1
2pi
kmaxx∫
−kmaxx
kmaxy∫
−kmaxy
A(kx, ky)e
−jkzze−j(kxx+kyy) dkx dky (2.9b)
where
kz =
{ √
k2 − k2x − k2y if k2 > k2x − k2y
−j√k2x − k2y − k2 otherwise. , (2.10)
and where the spectrum of PWs is limited to only those that are incident on the feed
from directions within an angle subtended by the reﬂector and seen from the center
of the plane P (see Fig. 2.4).
The magnitude of the co-polarized spatial frequency spectrum |Aco(kx, ky)| com-
puted for small and large sampling plane sizes are shown in Fig. 2.5. It exhibits
several interesting features: (i) as expected, the dominant spectral component corre-
sponds to the on-axis PW, for which kx = ky = 0, while the second strongest set of
d
nˆ
P
xfmax
xmax
S
xˆ
yˆ
zˆ
kmaxx xˆ
r
∆x
∆y
z = 0
Ei,f
Figure 2.4: The FFT-enhanced PWS expansion method for the fast computation of the feed current
due to the E-ﬁeld from the reﬂector. Firstly, the incident ﬁeld Ei,f is sampled in the xy plane P
in front of the feed in order to obtain the sampled PWS A(kx, ky); Secondly, each spectral PW
propagates to an observation point r on the feed where Ei,f is tested to compute the induced feed
current.
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Figure 2.5: (a) The magnitude of the spatial frequency spectrum |Aco(kx, ky)| (i.e. plane wave
spectrum) for the 38λ reﬂector fed by the dipole array in case the FFT grid size is equal to size of
the feed, and (b) when it is eight times the feed size.
PWs originate from the rim of the reﬂector, as observed by the spectral ring structure
for which k2x+k
2
y = (k
max
x )
2 = (kmaxy )
2; (ii) the magnitude of the PWs originating from
the rim is polarization dependent, in fact, it is seen that, since the feed isX-polarized,
the feed ﬁeld interacts more at the top and bottom segments of the rim.
The approximation of the reﬂector ﬁeld by a PWS introduces an error, 1, in the
surface current of the feed. The relative error between the current expansion coef-
ﬁcient vectors Iapprox and Iref for the iterative CBFM-PO solution with and without
ﬁeld approximations, respectively  is computed as
1 =
√∑
i
|Irefi − Iapproxi |2
/√∑
i
|Irefi |2
× 100%. (2.11)
Fig. 2.6 illustrates the relative error computed as a function of the FFT sampling
plane size P when the PWS is employed for expanding the reﬂector radiated ﬁeld
(for PWS parameters see Paper 3), and when only the dominant on-axis PW term
is used. As expected, the error decreases for an increasing sampling plane size, since
more spectral PW terms are taken into account while the eﬀect of the FFT-related
periodic continuation of the spatial aperture ﬁeld decreases. Henceforth, we choose
the sampling plane size equal to that of the feed, for which the feed current error is
about −35 dB for all the considered feeds, while it represents a good compromise from
both a minimum number of sampling points and accuracy point of view. Conversely,
if only the dominant on-axis PW term is used to approximate the reﬂector ﬁeld, the
error increases when the plane P becomes larger. This is due to the tapering of
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Figure 2.6: The relative error in induced feed currents [cf. (2.11)] as a function of the FFT sampling
plane size P .
the reﬂector scattered ﬁeld which becomes more pronounced when the plane size P
increases, so that the PW amplitude A(kx, ky) is underestimated when using the ﬁeld
averaging in (2.9a) for kx = ky = 0, as opposed to the direct on-axis point sampling
method that has been presented in [37] and overviewed in Sec. 2.2.1.
2.2.3 Near-ﬁeld interpolation (NFI) technique
While the previous section describes how the PWS-expanded E-ﬁeld from the re-
ﬂector accelerates the computation of the induced feed current, this section explains
how the reﬂector incident H-ﬁeld can be computed for the rapid determination of
the induced PO current. For this purpose, the radiated H-ﬁeld from the feed is ﬁrst
computed at a coarse grid on the reﬂector surface (white circles in Fig. 2.7), after
which the ﬁeld at each triangle is determined on the reﬂector (yellow square mark-
ers) through an interpolation technique. This interpolation technique de-embeds the
initially sampled ﬁeld to a reference sphere with radius R whose origin coincides with
the phase center of the feed to assure that the phase of the de-embedded ﬁeld will be
slowly varying. Consequently, relatively few sampling points are required for the ﬁeld
interpolation, after which the interpolated ﬁelds are propagated back to the reﬂector.
In summary, and with reference to Fig. 2.7, the H-ﬁeld interpolation algorithm
for determining the reﬂector PO current
1. Deﬁnes a grid on the reﬂector surface (white circles) for computing the H-ﬁeld.
2. De-embeds the H-ﬁeld to a reference sphere around the feed phase center (green
18
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dm
R
initial ﬁeld sampling points
de-embedded ﬁeld points
interpolation points
ﬁnal ﬁeld testing points
feed phase center
Hm
Hsphm
Hsphq
dq
H i,r(rrq)
∆θ
Figure 2.7: The near-ﬁeld interpolation technique for the rapid determination of the induced PO
current on the reﬂector.
points):
Hsphm = Hmdme
jkdm , (2.12)
where dm is the distance between the reﬂector surface and the sphere of radius
R along the line connecting the mth sample point on the reﬂector and the feed
phase center.
3. Computes the ﬁelds on the sphere in the same directions as the reﬂector triangle
centroids are observed (blue square markers) through interpolating the ﬁelds
at the adjacent (green) points.
4. Propagates the ﬁeld to the reﬂector surface; that is, at the qth triangle, the
H-ﬁeld
H i,r(rrq) = H
sph
q d
−1
q e
−jkdq . (2.13)
5. Computes the reﬂector PO current (see e.g. [62, p. 343])
The error in the reﬂector current as a function of the sampling grid density is
depicted in Fig. 2.8. It shows that the error in the resulting induced reﬂector current
depends on the angular step size ∆θ and ∆φ of the initial ﬁeld sampling grid (before
interpolation). As expected, the error increases when the sampling grid coarsens.
Furthermore, the error is larger for larger feeds, especially for high-scattering ones,
for which the scattered ﬁelds (i.e. 2nd iteration and further) vary more rapidly than
for smaller low-scattering antennas for which a coarser grid can be applied.
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Figure 2.8: The interpolation error in the 38λ reﬂector current as a function of (a) the sampling
step ∆θ, and (b) the sampling step ∆φ of the near ﬁelds of the feed.
2.2.4 Analysis of PWE and NFI errors and simulation times
Table 2.3 shows how the simulation time of a plain iterative CBFM-PO (or MoM-
PO) approach reduces, and Table 2.4 summarizes the relative errors in both the cur-
rents and relevant antenna characteristics when the ﬁeld approximations of Sec. 2.2.1
are used. The errors have been computed according to (2.8) and (2.11). Note that
the PWS approximation leads to the small relative error of 0.28% in the surface cur-
rent of the high-scattering feed for the 38λ reﬂector, while if only a single on-axis
PW is used, the relative error is found to be two orders larger (see Sec. 2.2.1). It is
also observed that, when applying the ﬁeld approximations for both the reﬂector and
feed, the relative error in the considered antenna characteristics remains less than
1%, while the computational speed advantage is signiﬁcant (see Table 2.3), i.e., a
factor 5 to 100, depending on the reﬂector size and feed complexity.
Table 2.3: Total simulation time (for D = 118λ reﬂector)
Horn
Horn with
ground plane
Dipole array Vivaldi array
MoM-PO, no
approx.
70 min (100%) 192 min (100%) 801 min (100%)
3906 min
(100%)
PWS approx. 27 min (39%) 63 min (33%) 190 min (24%) 1312 min (34%)
NFI approx. 57 min (81%) 152 min (79%) 548 min (68%) 2108 min (54%)
Both approx. 13 min (19%) 17 min (9%) 16 min (2%) 33 min (1%)
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Table 2.4: Errors due to applying the ﬁeld approximations, %
Feed sur-
face cur-
rent
Reﬂector
surface
current
Gain
(on-axis)
Gain
(@−3 dB) Impedance
Reﬂector 38λ 118λ 38λ 118λ 38λ 118λ 38λ 118λ 38λ 118λ
Feed: Pyramidal horn
PWS approx. 0.09 0.02 0.11 0.03 0.09 0.03 0.07 0.02 0.16 0.04
NFI approx. 0.01 <0.01 0.06 0.06 0.05 0.04 0.01 0.02 0.01 <0.01
Both approx. 0.09 0.02 0.13 0.07 0.13 0.07 0.07 0.04 0.15 0.04
Feed: Pyramidal horn with extended ground plane
PWS approx. 0.28 0.02 0.41 0.02 0.06 0.01 0.09 0.01 0.44 0.04
NFI approx. 0.3 0.01 1.01 0.16 0.16 0.07 0.37 0.07 0.52 0.02
Both approx. 0.53 0.03 1.02 0.16 0.15 0.08 0.34 0.07 0.88 0.05
Feed: 121-element dual-polarized dipole array
PWS approx. 0.05 0.02 0.1 0.02 0.03 0.01 0.01 0.01 0.03 0.01
NFI approx. 0.02 0.01 0.21 0.20 0.09 0.07 0.12 0.13 0.02 0.01
Both approx. 0.06 0.02 0.23 0.21 0.10 0.07 0.13 0.14 0.05 0.02
2.3 Experimental veriﬁcation of the CBFM-PO ap-
proach with acceleration techniques
In addition to several cross-validations of the CBFM-PO approach using commercial
software (see Paper 3), a practical antenna system has been modeled and the com-
puted illumination eﬃciency ηill is compared to measurements. Fig. 2.9 shows ηill of
a 118λ reﬂector antenna (D = 25 m, F/D = 0.35), either fed by the Vivaldi array
feed, or a single horn antenna. The numerically computed results are compared to
measurements carried out at the Westerbork Synthesis Radio Telescope (WSRT) [7].
As one can see, the agreement is very good. The size of the simulated ground plane
has been chosen equal to the size of the feed cabin (≈ 1× 1 m). The fact that ηill is
higher for the array feed than for the horn antenna nicely demonstrates the superior
focal ﬁeld sampling capabilities of dense PAFs. Furthermore, one can also observe
a rather strong ripple in ηill for the case of the horn feed with the extended ground
plane. This ripple is caused by the relatively high feed scattering of the reﬂector ﬁeld.
2.4 Numerical studies for diﬀerent types of reﬂector
antenna feeds
In this section several feeds are considered as part of a reﬂector antenna with aperture
diameter 38λ. Several antenna characteristics, such as the radiation pattern, the
receiving sensitivity, and the aperture- and focal ﬁeld distributions are analyzed using
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Figure 2.9: Illumination eﬃciencies of the 118λ reﬂector antenna, either fed by the 121 Vivaldi PAF,
or the single-horn feed. The CBFM-PO simulated results are compared to the measured ones for
a 25 m reﬂector antenna of the Westerbork Synthesis Radio Telescope [7]. Bottom of the ﬁgure: a
photo of the experimental PAF system placed at the focal region of the reﬂector, and an image of
a smaller-scale PAF-reﬂector model.
CBFM-PO approach. First, we will show how the feed-reﬂector coupling aﬀects the
ﬁeld distribution in the aperture of the reﬂector when fed by the horn with extended
ground plane or the dipole antenna array of the same size [see Fig. 2.3(b) and (c)].
Afterwards, the model of the antenna system will be extended to include the spillover
and antenna-LNA noise missmatch characteristics, so that the receiving sensitivity
can be analyzed.
The aperture ﬁeld distributions at two frequency points corresponding to the
minimum and maximum aperture eﬃciencies are shown in Fig. 2.10 and 2.11 for the
horn and the dipole array feeds, respectively. It is pointed out that the antenna
elements are loaded by a complex impedance, which is accounted for directly when
solving for the antenna feed currents through the CBFM. This is done through the
modiﬁcation of the diagonal elements of the MoM matrix corresponding to the port
basis functions as described in [54, p. 223]. The impedance of the loads has been
chosen to maximizr the array decoupling eﬃciency [52], which yields the optimum
load impedance of 60.88 − 8.12j and 147.4 + 45.6j Ω for the horn and array case,
respectively. For the horn case this implies the ideal power-matched case.
As one can observe from the ﬁgures, the aperture ﬁeld at the 2nd iteration, i.e.,
due to the scattered ﬁeld of the feed [Fig. 2.10(c) and Fig. 2.11(c)], is about 20 dB
lower for the array feed, thereby rendering the ﬁeld variation negligible. Contrariwise,
for the horn feed, the peak and dip of the ﬁeld is clearly seen in the aperture center.
This leads to a signiﬁcant variation of the aperture eﬃciency ηap over frequency, viz.
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(a) Total aperture ﬁeld,
f @ min ηap
(b) Total aperture ﬁeld,
f @ max ηap
(c) Aperture ﬁeld at 2nd iter-
ation, f @ max ηap
Figure 2.10: The ﬁeld distribution in the aperture of 38λ-reﬂector fed by the horn with extended
ground plane.
(a) Total aperture ﬁeld,
f @ min ηap
(b) Total aperture ﬁeld,
f @ max ηap
(c) Aperture ﬁeld at 2nd iter-
ation, f @ max ηap
Figure 2.11: The ﬁeld distribution in the aperture of 38λ-reﬂector fed by the array of 121 half-
wavelengths dipoles.
19.6% versus 0.6% for the array.
For some applications, such as for radio astronomy, a reﬂector antenna works
purely in receiving mode, and other system characteristics, such as the system noise
temperature Tsys and the receiving sensitivity Aeﬀ/Tsys, become important. The main
contributors to Tsys, which are dependent on multiscattering eﬀects, are the spillover
noise temperature Tspill and the noise temperature due to the noise missmatch be-
tween the antenna(s) and LNA(s) 2, Tcoup. In order to compute Tcoup, the equivalent
one-port system representation is used as described in [63]. By using this extension
to the CBFM-PO approach, the next step is to consider the two relatively small
feeds shown in Fig. 2.12. The antenna array ports are connected to Low Noise Am-
pliﬁers (LNAs) which are also part of the antenna-receiver model. Two beamforming
scenarios for the array are considered: (i) a singly-excited embedded element, and;
(ii) a fully-excited antenna array employing the Conjugate Field Matching (CFM)
beamformer for maximizing the gain of the secondary far-ﬁeld beam.
The computed aperture eﬃciency ηap, system noise temperature Tsys, and the
resulting receiving sensitivity Aeﬀ/Tsys are shown in Fig. 2.13. By analyzing these
2in case of phased array feeds Tcoup also takes the excitation scheme and coupling between the
array elements into account.
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(a) A single dipole above ground
plane
(b) A dual-polarized array of
20 dipole antenna elements
Figure 2.12: The considered dipole antenna feeds. The dipole length is (0.47λ) and the ground
plane size is (1.66λ× 1.33λ)
ﬁgures, one can conclude that the aperture eﬃciency varies with frequency much
more for the case of a single element due to a fact that a lot of energy scatters from
the ground plane behind the dipole.
The feed-reﬂector interaction phenomenon leads not only to the variation in ηap,
but also leads to a variation in Tsys. These variations are comparable for the the single
dipole and array feeds, and have a major impact on the sensitivity ripple. Although
Tsys is similar for both feeds, the mechanism of forming the ripple is diﬀerent; when
the reﬂector is fed by the feed shown in Fig. 2.12(a), the radiation pattern of the
feed is breathing over frequency, resulting to the variation of the spillover noise
temperature Tspill, while for the feed in Fig. 2.12(b) the main contribution to the Tsys
variation is caused by the varying Tcoup. See Paper 1 for more details.
2.5 Conclusions
To conclude the research that has been presented in this chapter, we highlight the
following observations:
• The feed-reﬂector interaction (standing wave) eﬀects give rise to oscillations in
the system characteristics with frequency ∆f = c/(2F ), where c is speed of
light and F is the reﬂector focal distance. This results in the heart beating
eﬀect  the change of the beamwidth and gain, as well as Tsys variation over
frequency.
• An FFT-enhanced Plane Wave Spectrum (PWS) approach has been formu-
lated in conjunction with the Characteristic Basis Function Method, a Jacobi
iterative multiscattering approach, and a near-ﬁeld interpolation technique for
the fast and accurate analysis of electrically large array feed reﬂector systems.
Numerical validation (presented in Paper 3) has been carried out using the
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Figure 2.13: The aperture eﬃciency, the system noise temperature, and the resulting receiving
sensitivity of the reﬂector antenna system as a function of frequency.
multilevel fast multipole algorithm method available in the commercial FEKO
software.
• The scattering from the feed is minimal for power-matched antenna loads (more
critical for PAFs) and when the surrounding metal structure is minimized (more
critical for single-port feeds, especially in MFFEs).
• The electromagnetic coupling between the reﬂector antenna and the dipole
PAFs under study have a minor impact on the antenna beam shape and aperture
eﬃciency, as opposed to that of a single dipole feed. The ﬁnite ground plane
behind the single dipole, which is part of the feed supporting structure and is
often much larger than one antenna element, but comparable to the size of a
PAF, is a reason for this diﬀerence.
• The (active) impedance matching of the strongly-coupled PAF elements appears
to be more sensitive to the feed-reﬂector interaction eﬀects, as a result of which
the receiver noise temperature increases.
• The sensitivity variation is mainly driven by the variation in the system noise
temperature, the main contribution of which for the considered PAF is due to
the noise mismatch of the array elements with LNAs. Therefore, in order to
reduce the sensitivity ripple of reﬂector antennas with PAFs, major attention
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should be paid to the noise matching and its stability in the presence of a
reﬂector when designing a PAF system.
• The conclusion in [41] which states that the Radar Cross-Section (RCS) of the
feed is the determining factor in the standing wave eﬀect is true only for the
aperture eﬃciency variation, but it does not apply to the noise characteristics
(Tspill, Tcoup). Other factors showing why the RCS is not a good ﬁgure of merit
to quantify the standing wave eﬀect in receiving systems are that the the RCS
does not account for the relative size of the feed w.r.t. the reﬂector, and that
it assumes a uniform PW ﬁeld radiated by the reﬂector.
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Chapter 3
Phased Array Feed Beamforming
Strategies for Earth Observations and
Radio Astronomy
It has been argued in Sec. 1.2 that push-broom conﬁgurations for satellite radiometers
are advantageous for Earth observation systems when equipped by PAFs. Therefore,
the goals of the work presented in this chapter are to determine: (i) to what extent
the performance-limiting factors of push-broom radiometers can be reduced by using
dense PAFs employing advanced beamforming schemes; (ii) the minimum required
complexity of the PAF design (size, number of elements and their arrangement in the
feed as well as the number of active receiver channels), and (iii) what beamforming
strategy to use for meeting the instrument speciﬁcations for future radiometers [10].
Finally, it will be shown how a constrained beamforming strategy can be used to
improve the calibration eﬃciency of a radio telescope equipped by a PAF.
3.1 Application 1: Satellite radiometers for accurate
ocean surveillance
3.1.1 Performance requirements
Before describing the push-broom array design and beamforming scenarios, the re-
quirements for such radiometers are described ﬁrst and how they are related to the
antenna system requirements.
In February 2013 the ESA contract 4000107369-12-NL-MH was awarded to the
team consisting of TICRA, DTU-Space, HPS, and Chalmers University. The ﬁrst
workpackage of the contract involved the review of ocean sensing performance pa-
rameters, which in turn resulted in the requirements for future satellite radiometers
as shown in Table 3.1 [10,64].
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Table 3.1: Radiometer requirements
Freq.,
[GHz]
Bandwidth,
[MHz]
Polari-
zation
Sensiti-
vity, [K]
Bias
∆T , [K]
Resolution
FP, [km]
Dist. to land
DL, [km]
6.9 300 V, H 0.30 0.25 20 5-15
10.65 100 V, H 0.22 0.25 20 5-15
18.7 200 V, H 0.25 0.25 10 5-15
The table indicates that the radiometer should operate at three narrow frequency
bands: C-band (6.9 GHz), X-band (10.65 GHz) and Ku-band (18.7 GHz). The
instrument must be dual-polarized and have a receiving sensitivity in the 0.22 −
0.3 K range. The overall error of the sea temperature measurement should not
exceed 0.25 K. The maximum allowed footprint size is 20 km for C- and X-band,
and 10 km for the Ku-band. Under footprint we understand the region of the sea
that is illuminated by the antenna beam from −3 to 0 dB level with respect to the
beam maximum. Additionally, the instrument should satisfy the above described
requirements even when the observation is as close as 15 km from the coast line. The
latter requirement is called distance to land and explained with the aid of Fig. 3.1.
The brightness temperature of the land surface is assumed to be TL = 250 K.
Assume next that we wish to measure the sea at horizontal polarization for which
the brightness temperature is around TH = 75 K (the brightness temperature of
the vertical polarization is higher, i.e. 150 K, and therefore it is less aﬀected by
the erroneous power signal from land). It can be shown that the requirement for
the maximum error ∆T = 0.25 K can be satisﬁed only if the power of the beam
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Figure 3.1: Deﬁnition of the Distance to land
radiometer requirement. A typical radiation
pattern of the torus reﬂector antenna is shown
as background.
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in the cone with half-angle θc is 99.72 % of the total power incident on the Earth's
surface [31]. This determines the distance to land DL, which is deﬁned as the angular
diﬀerence θc − θ3dB projected on the Earth surface, i.e.,
DL = Y sin θc − Y sin θ3dB ≈ (θc − θ3dB)Y, (3.1)
where Y is the distance from the satellite to the observation point on the Earth (see
Fig. 3.2 for the satellite orbit parameters). Therefore, to ﬁnd the distance-to-land
characteristic, the angles θc and θ3dB are found ﬁrst from the antenna compound
beam and Eq. (3.1) is used afterwards.
Since the radiometer must be able to measure the brightness temperature of both
polarizations separately, an error is introduced due to the received power of the cross-
polarized component of the incident ﬁeld. It is shown in [31] that this power must
not exceed 0.34 % of the co-polarized power, in order to satisfy the maximum error
requirement ∆T = 0.25 K. Since the brightness temperature of the sky is very low
and the amount of power radiated towards the sky is small, it suﬃces to compute the
antenna total radiation pattern only at the angular range subtended by the Earth
(θ = 0 . . . θE from the Nadir direction).
Another requirement for the radiometer is the sampling resolution which sets
requirements on the maximum size of the footprint (FP). The footprint will have an
elliptical shape due to oblique incidence of the radiated ﬁeld on the Earth's surface
as shown in the top-left insertion of Fig. 3.2. The longitudinal and transverse to the
movement direction axes of the ellipse are denoted as FPL and FPS, correspondingly.
The footprint size, FP, is determined as the average of FPS and FPL:
FP =
FPS + FPL
2
, (3.2)
where FPS is related to the half-power beamwidth (HPBW) as
FPS = Y × HPBWtransv, (3.3)
and FPL is
FPL =
Y × HPBWlong
cos ν
, (3.4)
where HPBWtransv and HPBWlong are the longitudinal and transverse beamwidths
to the movement vector directions; and ν is the incidence angle.
Another characteristic of the radiometer radiation pattern is the beam eﬃciency,
which is usually deﬁned as the relative power within the main beam down to the
−20 dB contour level. A high beam eﬃciency is generally synonymous with a good
quality antenna. However, a low beam eﬃciency antenna may not necessarily rep-
resent a bad antenna. For example, for the radiometer, the feed spillover past the
reﬂector edge reduces the beam eﬃciency, but it illuminates the cold sky and does
no harm; it is the radiation towards the Earth that makes a signiﬁcant impact, and
must therefore be taken in account.
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3.1.2 Reﬂector antenna and PAF designs methodology
The initial numerical model of the PAF is based on the CBFM-model as described in
[17]; the array elements are tapered-slot (Vivaldi) antennas designed to be employed
as a PAF system [7]. The surface current distribution of the centrally excited Vivaldi
array element is shown in Fig. 3.3(a) for illustration.
To reduce the computation time for the parametric studies, the PAF model has
been simpliﬁed by assuming that all the embedded element patterns are identical
to the central element of the ﬁnite array [Fig. 3.3(b)]. The sub-array embedded
element patterns have been imported into the reﬂector antenna simulation software
GRASP10 to compute the secondary embedded element patterns (after reﬂection
from the dish), which, in turn, have been used to simulate the overall performance
of the radiometer for optimizing its beamforming weights (see Sec. 3.1.3) as well as
the array conﬁguration.
The design procedure of the push-broom reﬂector is described in [33] and has
been developed by TICRA. In short, and with the reference to Fig. 3.4, the surface
of the reﬂector (blue dots) is created by rotation of the parabolic proﬁle (black dots),
deﬁned in the coordinate system Parabola CS and with focal point F , around the
green axis of rotation which is tilted with respect to the parabola axis. The reﬂector
rim (edge of the red area) is chosen based on the requirements on the projected
aperture area and maximum scan angle. The latter parameter also deﬁnes the size
of the PAF along the focal arc, which is created by rotating the focal point F around
the axis of rotation.
Due to the rotational symmetry of the reﬂector, it is natural to locate the array
antenna elements in a polar grid with the origin located at the point where the axis
(a) (b)
Figure 3.3: Simulation results of the ﬁnite Vivaldi array when the central antenna element is excited:
(a) the magnitude of the surface current distribution in [dBA/m], and (b) the embedded element
radiation pattern.
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Figure 3.4: Design procedure of a parabolic torus reﬂector: the parabolic proﬁle (black circles at the
bottom), deﬁned in the coordinate system Parabola CS and with focal point F , is rotated around
the green axis of rotation which itself is tilted with respect to the parabola axis. This transforms
the proﬁle focal point F to the focal line (arc) along which a PAF will be positioned.
Figure 3.5: Layout of the PAF for the push-broom reﬂector: red and green lines denote the θ- and
φ-polarized array elements correspondingly, while the black arc shows the position of the focal arc
of the reﬂector. The E-ﬁeld distribution in the array plane (when a tapered plane wave is incident
on the reﬂector from the direction of observation) is shown as the background.
of rotation intersects the plane of the focal arc. The layout of such an array is shown
in Fig. 3.5. The reﬂector focal arc is denoted by the black curve to show the position
of the array relative to the reﬂector.
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In order to choose the initial size of the array, a tapered plane wave is incident
from the direction of observation on the reﬂector antenna and the vector EM ﬁeld
in the plane of the array is computed. The magnitude of the E-ﬁeld is shown as
the background in Fig. 3.5. The initial size of the array has been chosen such that
it covers an area where the ﬁeld intensity exceeds −20 dB, while the initial inter-
element spacing has been chosen to be 0.5λ. This element spacing is expected to
lead to a high beam eﬃciency, while minimizing the spillover loss [65]. The taper of
the incident plane wave has been chosen −30 dB at the reﬂector rim. This value is
shown to be optimal from the radiometer characteristics point of view [Paper 4], when
the Conjugate Field Matching (CFM) beamforming is used. Since we will use more
advanced beamformers, the focal ﬁeld distribution will diﬀer from the one shown in
Fig. 3.5, so that the optimal array size can be diﬀerent as well. This will be studied
in Sec. 3.1.4.
3.1.3 Optimization procedure for the PAF beamformers
To outline the optimization procedure for the PAF beamformers considered in this
work, we utilize the generalized system representation as shown in Fig. 3.6 for the N
actively beamformed PAF antennas. The PAF system is subdivided into two blocks:
(i) the frontend including the reﬂector, array feed and Low Noise Ampliﬁers (LNAs),
and; (ii) the beamformer with complex conjugated weights {w∗n}Nn=1 and an ideal
(noiseless/reﬂectionless) power combiner realized in software.
Here, wH = [w∗1, . . . , w
∗
N ] is the beamformer weight vector, H is the Hermitian
conjugate-transpose, and the asterisk denotes the complex conjugate. Furthermore,
a = [a1, . . . , aN ]T is the vector holding the transmission-line voltage-wave amplitudes
Figure 3.6: Generalized representation of the PAF reﬂector antenna system.
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at the beamformer input (the N LNA outputs). Hence, the ﬁctitious beamformer
output voltage v (across Z0) can be written as v = wHa, and the receiver output
power as |v|2 = vv∗ = (wHa)(wHa)∗ = (wHa)(aTw∗)∗ = wHaaHw, where the propor-
tionality constant has been dropped as this is customary in array signal processing
and because we will consider only ratio of powers.
Although each subsystem can be rather complex and contain multiple internal sig-
nal/noise sources, it is characterized externally (at its accessible ports) by a scattering
matrix in conjunction with a noise- and signal-wave correlation matrix. Accordingly,
the signal-to-noise ratio (SNR) can be expressed as
SNR =
wHPw
wHCw
, (3.5)
that is, the SNR function is deﬁned as a ratio of quadratic forms, where P = eeH is
the signal-wave correlation matrix, which is a one-rank positive semi-deﬁnite matrix
for a single point source; the vector e = [e1, . . . , eN ]T holds the signal-wave amplitudes
at the receiver outputs and arises due to an externally applied electromagnetic plane
wave Ei; and C is a Hermitian spectral noise-wave correlation matrix holding the cor-
relation coeﬃcients between the array receiver channels, i.e., Cmk = E{cmc∗k} = cmc∗k.
Here, cm is the complex-valued voltage amplitude of the noise wave emanating from
channel m, which includes the external and internal noise contributions inside the
frontend block in Fig. 3.6, and overbar denoted time average. We consider only a
narrow frequency band, and assume that the statistical noise sources are (wide-sense)
stationary random processes which exhibit ergodicity, so that the statistical expec-
tation can be replaced by a time average (as also exploited in hardware correlators).
Below, we will ﬁrst discuss two standard signal processing algorithms, which are
then used as the starting point to develop the two customized push-broom radiometer
beamformers.
Standard maximum signal-to-noise ratio (MaxSNR) beamformer
The well-known closed-form solution that maximizes (3.5) for the point source
case, where P is of rank 1, is given by [66]
wMaxSNR = C
−1e, with SNR = eHwMaxSNR, (3.6)
where the principal eigenvector e corresponds to the largest eigenvalue of P. If we
assume a noiseless antenna system, the matrix C will contain the noise correlation
coeﬃcients only due to external noise sources (received noise), and its elements can
be calculated through the pattern-overlap integrals between fn(Ω) and fm(Ω), which
are the nth and mth embedded element pattern of the array, respectively [17], i.e.,
Cmn =
∫
Text(Ω)[fm(Ω) · f ∗n(Ω)] dΩ, (3.7)
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where Text(Ω) is the brightness temperature distribution of the environment. The
proportionality constants between the right-hand side and the noise waves on the
left-hand side are omitted.
Standard Conjugate Field Matching (CFM) beamformer
The CFM beamformer maximizes the received signal power at its output, i.e.,
max
w
(wHPw/wHw), which is also equivalent to maximizing the directivity. The trivial
solution to that is (provided that P = eeH)
wCFM = e. (3.8)
However, since this beamformer assumes a noiseless system, it will provide a sub-
optimal solution for practical systems.
A customized MaxSNR beamformer with side-lobe level constraints
A major drawback of the above-listed standard beamformers is that these max-
imize the sensitivity/directivity without constraints imposed on the side-lobes and
cross-polarization levels. This means that the required values of the distance-to-
coast and the maximum allowable cross-polarization power cannot be guaranteed,
especially for a non-parabolic surface of the reﬂector.
To overcome this limitation one could consider a tapered incident plane wave
emitted by the source of interest with the taper value as an additional CFM beam-
former parameter that is to be determined through a study. This has been done by
our co-authors in Paper 4. Although the radiometer characteristics will then sat-
isfy the system performance speciﬁcations, the PAF requires us to employ too many
antenna elements (almost a factor 2 as compared to the customized beamformer [Pa-
per 4]), which is not feasible for a realistic satellite system due to an excessive power
consumption.
The MaxSNR beamformer has been used to maximize the beam eﬃciency (de-
ﬁned at the −20 dB level), while minimizing the power received from other directions
in the presence of a noisy environment (including the noise sources due to the LNAs
and the environment) and RFI sources in the region occupied by the Earth. For
this purpose, the matrix C in (3.6) has been modeled as a sum of noise covariance
matrices due to LNAs and the environment brightness temperature Text(Ω) in (3.7),
where the latter has been deﬁned as a noise-mask-constraint function allowing to
keep the peaks of the side-lobes below a speciﬁed level. This noise mask (Fig. 3.7,
top-left insertion) is deﬁned in the coordinate system for the secondary embedded
element patterns and has zero temperature in the region of the main lobe and high
temperature in the region of side lobes. A temperature of 1000 K is chosen to highly
suppress the side lobes in order to satisfy the distance-to-coast requirement. This
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value, as well as size and shape of the cold region, can also be beamformer opti-
mization parameters, which is planned to be done in future studies. The noise mask
is speciﬁed for each beam of the radiometer (pink rays in Fig. 3.7).
The customized MaxSNR beamformer with constrains on the dynamic
range of the amplitude weights
The customized beamformer, as described above, has been further extended so
as to include constraints on the dynamic range of the weights. This beamforming
algorithm is implemented through an iterative procedure that modiﬁes the reference
weighting coeﬃcients (as determined by the customized beamformer as described
above), while trying to maintain the shape of the PAF pattern as close as possible
to the reference one. This will ensure that the radiometer parameters are as close
as possible to those obtained with the reference set of weights. The corresponding
algorithm is listed as follows:
• At the ﬁrst iteration (q = 1) the sensitivity function [w(1)]HPw(1)
[w(1)]HC(1)w(1)
is maximized
Figure 3.7: Noise mask deﬁnition for the MaxSNR beamforming.
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to determine the reference weight vector w(1). The matrix C(1) is computed as
described above for the standard MaxSNR beamformer (with no constraints on
the dynamic range of the weight amplitudes).
• At iteration q = 2, 3 . . . the sensitivity function [w(q)]HPw(q)
[w(q)]HC(q)w(q)
is maximized to
determine the new weight vector w(q), where P is the signal covariance matrix
(computed only once, for the 1st iteration), C(q) is the noise covariance matrix,
diagonal elements of which are a function of the weight vector w(q−1) obtained
after the previous iteration, i.e.,
C(q)(w(q−1)) =

C
(q−1)
11 f(|w(q−1)1 |) C(q−1)12 · · · C(q−1)1N
C
(q−1)
21 C
(q−1)
22 f(|w(q−1)2 |) · · · C(q−1)2N
...
...
. . .
...
C
(q−1)
N1 C
(q−1)
N2 · · · C(q−1)NN f(|w(q−1)N |)
 ,
(3.9)
where f is a receiver function that needs to be provided as an input to the
algorithm; it should have such a behaviour that the lower the weight of the array
antenna element, the higher the function value is (which physically corresponds
to an increase in the noise temperature of the corresponding receiver channel).
In the numerical examples presented hereafter, a ﬁlter function is used whose
values are close to zero when the weights magnitude |wi| are higher than wconstr,
and which has a sharp linear increase near wconstr. In this way f is similar
to inverse step function near wconstr (Fig. 3.8). Here wconstr is the value of
the amplitude weight constraint, which is typically in the order of −30 dB or
−40 dB.
−60 −50 −40 −30 −20 −10 0
0.5
1
1.5
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|w|, dB
f ( 
|w|
 )
w
constr
Figure 3.8: The function f used in the numerical examples presented hereafter.
• Check whether all the weights are higher than wconstr, or negligibly low (i.e.
−80 dB in this work). If this condition is satisﬁed, the iterative procedure is
terminated. The channels with negligible weights are switched-oﬀ, while the
resulting set of weight coeﬃcients is considered to be the ﬁnal one.
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3.1.4 Numerical results: Optimized PAF+beamformer design
The initial array layout obtained in Sec. 3.1.2 will not be the optimal one for diﬀerent
beamforming scenarios since these beamformers form diﬀerent focal ﬁeld distribu-
tions, and therefore we may need more, or less, antenna array elements to sample
this ﬁeld suﬃciently to satisfy the radiometer requirements. Under optimal array
we understand an array employing a minimum number of antenna elements, while
all performance requirements of the radiometer equipped with a such array remain
satisﬁed.
Eﬀect of the array size and inter-element spacing on radiometer char-
acteristics
To optimize the initial array layout in conjunction with the customized beam-
formers described in the previous sections, the main characteristics of the radiometer
are studied as a function of the inter-element spacing between the array elements
and the array size in the radial direction. The array size in the azimuthal direction
is not a parameter of interest in the optimization, since the array will be needed to
form multiple beams in this direction and sub-arrays for the neighbouring beams will
overlap. This work is presented in Paper 5, while the performance of the radiometer
at the X-band is summarized in Table 3.2. In this case the radiometer is subsequently
equipped with: (i) a horn feed (radiation pattern of which is modeled as a Gaussian
beam), (ii) the initial array with the CFM beamformer, (iii) the initial array em-
ploying the customized MaxSNR beamformer (unconstrained dynamic range of the
amplitude weights), and; (iv) the optimized array feed with the latter beamformer.
As expected, dense PAFs have obvious beneﬁts in achieving the required minimum
distance-to-coast and footprint roundness, while meeting all the other radiometer re-
quirements at the same time. The minimum size of the PAF sub-array has been
found to be 8× 21 elements (for each polarization) with the inter-element separation
distance in the order of del = 0.7λ.
Eﬀect of weights dynamic range on radiometer characteristics
It is assumed in the above presented study that the dynamic range of the weight
amplitudes is inﬁnite, which is impossible for a real system. In order to investigate
how the limitation on the dynamic range of weights aﬀects the radiometer perfor-
mance, the customized MaxSNR beamformer with constraints on the dynamic range
of the weights has been used and the radiometer characteristics have been computed
as a function of wconstr (see description of this beamformer in the previous section).
The results are shown in Fig. 3.9 for two types of array elements: a wide-band Vi-
valdi antenna (solid curve), and a narrow-band antenna modelled by a Gaussian beam
(dashed curve). The PAF of Vivaldi antennas will be referred to as Feed 1 and the
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Gaussian feed
model
PAF with
CFM-BF
15× 29× 2
elem.
del = 0.5λ
PAF with
Cust-BF
15× 29× 2
elem.
del = 0.5λ
PAF with
Cust-BF
8× 21× 2
elem.
del = 0.7λ
PAF element excita-
tion coeﬃcients
Reﬂector illumina-
tion patterns
Beam eﬃciency [%] 84.2 85.1 94.9 92.0
XP-power, [%]
0.39 1.01 0.03 0.02
(<0.34% is req.)
Dist. to land, [km]
87.8 116.6 14.0 15.9
(<15 km is req.)
Beam width, [deg] 0.600 0.351 0.512 0.538
Footprint (FP), [km]
16.9 10.5 14.4 14.9
(<20 km is req.)
FP ellipticity 1.38 2.14 1.33 1.22
Table 3.2: Radiometer characteristics for diﬀerent PAFs and beamformers
PAF of Gaussian beams will be called Feed 2.
Having analyzed the ﬁgure, one can conclude the following:
• The beam eﬃciency [Fig. 3.9(a)] is high for Feed 1 when the dynamic range
of the weights exceeds 30 dB, while for the Feed 2 it remains high for all
considered values of wconstr. The reason for this diﬀerence is that a Vivaldi
antenna tends to have signiﬁcant side radiation in comparison with an ideal
Gaussian beam model, which leads to higher spillover towards the cold sky
and, therefore, reduces the beam eﬃciency while keeping the distance to land
suﬃciently small.
• The distance to land [Fig. 3.9(b)] is similar for both PAFs. Feed 2 is slightly
better due to the fact that the Gaussian beam is a rotationally symmetric
smooth function, which simpliﬁes the formation of a PAF beam for such anten-
nas.
• The footprint size [Fig. 3.9(c)] is almost identical for both PAFs. A little dif-
ference in the footprint ellipticity (FPL/FPS) is observed when the weight
dynamic range is around 20 dB or less. The reason for this is the same as for
the distance-to-land result.
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• Regarding the power in the cross-polarized ﬁeld component, Feed 1 can com-
pete with the Feed 2 when the weight dynamic range exceeds ∼ 38 dB. Since
the Gaussian beam itself does not have a cross-polarized component, the values
observed in Fig. 3.9(d) are due to the ﬁeld radiated by the feed and scattered
from the toroidal reﬂector. Therefore, the following important conclusion can
be drawn: in order to satisfy the cross-polarization requirement, and if the
maximum allowed dynamic range is less than ∼ 35 dB, the antenna elements
in the array must illuminate the reﬂector with low cross-polarized ﬁeld power.
The weight coeﬃcients, the reﬂector illumination patterns, and the secondary
patterns for the constraint levels −40 dB; −30 dB; and −20 dB are shown in Fig. 3.10.
Unfortunately, the antenna pattern resulting from the 20 dB range beamformer
suﬀers from higher side-lobe and cross-polarization levels. The 30 dB range beam-
former requires ∼ 12 % less elements than the 40 dB beamformer, but leads to an
almost identical antenna beam shape.
Since it is technically feasible to reach a dynamic range of 30 dB [67], this dynamic
range value has been chosen for the constrained beamformer used in the ﬁnal design
of the array. In addition, a narrow-band antenna element with low cross-polarization
level will be used for the PAF to satisfy the cross-polarization power requirement.
Final array design and radiometer characteristics
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Figure 3.9: The radiometer characteristics as a function of the dynamic range of the weights. The
results are shown for two array element types: a wide-band Vivaldi antenna (solid curve) and a
narrow-band antenna modelled by a Gaussian beam with the same taper on the edge of the reﬂector
(dashed curve).
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Figure 3.10: Comparison of three realizations of the customized MaxSNR beamformer with the
dynamic range of amplitude weights of 40, 30 and 20 dB. The PAF elements are Gaussian beams.
For operation at C-, X and Ku bands, we have considered the use of three radial
PAFs (one for each band) with their respective locations in the focal region of the
reﬂector antenna, as illustrated on Fig. 3.11. The PAF at Ku band is placed along
the focal line, while the C- and X-band PAFs have oﬀ-set locations.
Since, the oﬀ-set location of the antenna feed can cause degradation of the antenna
pattern and increase of the side-lobe levels, we have re-evaluated the performance
of the optimized PAF design for this case. Table 3.3 cross-compares the resultant
radiometer characteristics for the on-axis and oﬀ-set PAFs, both for the center and
most scanned beams. As one can see, the eﬀect of the expected degradation due to an
oﬀ-set location is negligible, and therefore, no additional corrections to the previously
optimized PAF design are required.
Radiometer characteristics for the radial PAFs at C-, X and Ku-band for the case
of the center beam are shown in Table 3.4 (the performance of scanned beams is
similar). It is seen from the table that all requirements for the radiometer are either
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Table 3.3: Eﬀect of oﬀ-set location of PAF with respect to the focal line at X-band
Axial location Oﬀ-set location
w.r.t. focal line w.r.t. focal line
centre beam 20◦ scan beam centre beam 20◦ scan beam
Beam eﬃciency @ −20 dB, [%] 92.02 90.96 90.04 90.62
Distance to land, [km] 15.8 15.7 16.1 15.9
Footprint, [km] 14.9 15.3 14.4 14.8
FPL[km] / FPS[km] 16.4/13.4 16.4/14.2 16.1/12.6 16.1/13.4
Ellipticity 1.22 1.16 1.27 1.21
Relative cross-polar level, [%] 0.021 0.098 0.028 0.073
Directivity, [dB] 50.81 50.58 51.12 50.96
Beam width, (φ = 0× φ = 90) [deg] 0.62× 0.46 0.65× 0.46 0.58× 0.45 0.62× 0.45
Power hitting reﬂector, [%] 93.06 92.02 91.08 91.68
satisﬁed or very close to them. Further improvement can be made by adjusting the
noise mask used in beamforming (see Fig. 3.7). This will be done in future studies.
The low beam eﬃciency at X- and Ku-band is due to spillover towards the cold sky,
and therefore it does not aﬀect the radiometer performance.
Since the radiometer is supposed to perform measurements with multiple beams,
Figure 3.11: (from left to right) X-, Ku- and C-band PAFs in the push-broom reﬂector antenna
system.
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Figure 3.12: (left) Array element amplitude weight coeﬃcients [dB], for two sub-arrays: for the
center beam and for the 1st scanned beam; and (right) corresponding footprint patterns [dB].
these beams should satisfy Nyquist's sampling criterion, i.e., the distance between
maximums of the neighbouring beams should not exceed half of the half-power
beamwidth. We have conjectured above that the same set of weights can be ap-
plied to the diﬀerent sub-arrays for forming the scanned beams. To check how well
the closest beams are overlapped we shift the optimal weights (obtained for the on-
axis beam) by one element in the azimuthal direction and observe how well the new
beam will overlap with the original one. The results of this numerical experiment are
shown in Fig. 3.12. As one can see, the two overlapping beams resulting from the
center sub-array and the 1st oﬀ-set sub-array realize a beam separation close to half
of the half-power beamwidth and therefore satisﬁes Nyquist's sampling criterion.
The total number of single-polarized antenna elements in the various arrays are:
1776 at C-band, 2448 at X-band, and 4368 at Ku-band. The radiometer equipped
Table 3.4: Radiometer characteristics for the radial PAFs at C-, X and Ku-band for
the case of the center beam
C-band X-band Ku-band
Fo
ca
l l
in
e
Fo
ca
l l
in
e
Beam eﬃciency @ −20 dB, [%] 94.8 90.1 85.9
Distance to land, [km] 18.1 16.1 13.9
Footprint, [km] 20.5 14.4 8.9
Relative cross-polar level, [%] 0.025 0.03 0.02
Directivity, [dB] 48.3 51.1 55.1
Average beam width, [deg] 0.73 0.52 0.32
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with such arrays will be able to form hundreds of simultaneous beams capable to
provide a scan range of ±20 deg, corresponding to a swath width of 600 km. However,
this is a huge number of antenna elements for a satellite system. In fact, assuming
an estimated power consumption of 1.38 W per receiver, using present state-of-the-
art components [68], and since the number of receivers is 8592, this results in a
unrealistically large total power consumption of 11.8 kW. However, in a 5-years time
frame the power budget per receiver is estimated to be about 35 mW [68], which
leads to a total power consumption of the whole front-end of only about 300 W.
3.2 Application 2: Radio telescopes for wide ﬁeld-
of-view sky surveys
In this section we will come back to the radio astronomy application of phased array
feeds and show how a constrained beamformer may simplify the calibration of a beam
shape.
Calibration of radio telescopes requires accurate models of the instrumental pa-
rameters and propagation conditions that aﬀect the reception of radio waves [26].
These eﬀects vary over time and the model parameters have to be determined at the
time of observation through a number of calibration measurements. Furthermore,
the calibration measurements should complete in a relatively short time and may be
repeated often over the course of an observation during which the instrumental and
atmospheric conditions can change signiﬁcantly. One of the instrumental param-
eters that needs accurate characterization is the radiation pattern of the antenna,
which is especially challenging in the arena of future array based multiple beam ra-
dio telescopes [6971], both due to the complexity of these instruments, as well as
the increased size of the Field-of-View (FoV). Calibrating for the radiation pattern of
a multi-beam PAF-based radio telescope largely depends on the accuracy of the pat-
tern model, and the availability of suitable reference sources to solve for the unknown
parameters in the pattern model.
The proposed idea on improving the calibration eﬃciency of a radio telescope ra-
diation pattern is to conform the beamformed far-ﬁeld patterns to a two-parameter
physics-based analytic reference model through the use of a linearly constrained min-
imum variance (LCMV) beamformer. Through this approach, which requires only a
few calibration measurements, an accurate and simple pattern model is obtained.
The ﬁrst term of the Jacobi-Bessel (JB) series solution of reﬂector antenna far
ﬁeld patterns [72,73] is used as a reference pattern:
FA(θ, φ) ∝ J1(ka sin θ)
ka sin θ
≡ jinc(ka sin θ), (3.10)
where a is the reﬂector aperture radius; k is the free space wavenumber. This model
has been extended to account for a beam width (parameter s in the equation below)
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and the phase gradient of a scanned beam (parameter Ψ):
F (s,Ψ; θ, φ) = jinc(ksa sin θ)ejΨ sin θ cos(φ−φ0), (3.11)
in which s and Ψ control the the amplitude and phase distributions of the reference
pattern, respectively.
The reference pattern (3.11) is used to deﬁne directional constraints in a LCMV
beamformed PAF, for which the weights applied to the elements of the PAF are
calculated according to [74] [66, p. 526]
wHLCMV = g
H
[
GHC−1G
]−1
GHC−1 (3.12)
in which xH means the complex conjugate transpose of x, C is the noise covari-
ance matrix, g is the constraints vector, and G is the directional constraint matrix.
For L elements in the array and constraints enforced in the K diﬀerent directions
{Ω1,Ω2, . . . ,ΩK}, G is an L×K matrix in which the ith column contains the signal
response vector of the array due to a plane wave incident from direction Ωi, and
the corresponding element gi in the vector g is the constraint value enforced on the
pattern in that direction. The choice of these constraint parameters comes from the
reference pattern (3.11).
An eﬀect of the model parameters s and Ψ on the resulting beam characteristics
(directivity, side-lobes level) and the error between the actual LCMV beamformed
pattern and its model (3.11) are presented in Paper 6, where the APERTIF PAF [7]
has been used to feed an oﬀset Gregorian reﬂector based on the MeerKAT radio
telescope reﬂector antenna [75].
It is shown in Paper 6 that this beamforming approach has several performance
beneﬁts including circularly symmetric scanned beams over a wide FoV, even for
non-symmetric reﬂector antennas. For the example of the MeerKAT oﬀset Gregorian
antenna, this strategy resulted in multiple beams with aperture eﬃciency above 70 %
that could be approximated down to the 10 dB level as a single analytic function with
an error of less than 5 %. In comparison with a conventional MaxDir beamformer,
this would reduce the average pattern calibration model error by more than 50 %.
3.3 Conclusions
The major part of this chapter has been devoted to improving satellite radiometers
for the remote sensing of the sea surface by employing a phased array feed together
with the parabolic torus reﬂector. This is a ﬁrst stage of the new radiometer develop-
ing under the ESA contract 4000107369-12-NL-MH (February 2013). After making
several assumptions during the study (identical embedded element patterns, inﬁnite
ground plane, etc), the PAFs for C-, X- and Ku-bands have been designed and op-
timized in order to have a minimum number of antenna elements. The study shows
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that all radiometer requirements can be satisﬁed, however, PAFs must employ many
antenna elements, which is not realizable in the nearest few years due to the limita-
tion on the power consumption when operating on a satellite. Fortunately, there are
reasons to assume that this will be possible in a 5-years time frame.
Additionally, the eﬀect of the limited dynamic range on the weight coeﬃcients
has been studied. The dynamic range is limited because there are uncertainties in
the antenna system, and therefore a more precise calibration procedure is required
for each receiving channel to reduce these uncertainties.
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Conclusions and future work
During last decades phased array feeds (PAFs) for reﬂector antennas have been proven
to have numerous advantages over single-pixel feeds or clusters of them. However,
many unsolved questions remain, among them: "What is the mechanism governing
the PAF-reﬂector interaction and how does it aﬀect the reﬂector antenna charac-
teristics, such as its radiation pattern, directivity, receiving sensitivity, etc?" In the
ﬁrst part of the current work an attempt to answer this question is made. For this
purpose a CBFM-PO Jacobi-iterative approach has been developed to model a large
reﬂector antenna (with a diameter exceeding 100 wavelengths) that is fed by a com-
plex PAF. This approach, in combination with the proposed acceleration techniques,
not only allows one to solve electrically large antenna systems accurately and time-
eﬃciently, but it also provides a physical insight in the feed-reﬂector mutual coupling
mechanism. Several numerical computations have been performed  including for a
real-world PAF system  whose conclusions are drawn at the end of Chapter 2.
The second part of the thesis is devoted to a feasibility study of PAFs in satellite
radiometers for remote sensing of the sea surface. In the current work the push-broom
radiometer with a toroidal reﬂector has been considered and the following questions
have been addressed:
• to what extent can the performance of push-broom radiometers be enhanced
by using dense PAFs and what are their performance-limiting factors?
• what is the minimum complexity of the PAF design (size, number of elements
and their arrangement in the feed as well as the number of active receiver
channels) that is required for meeting the instrument speciﬁcations at which
future radiometers aim?
• what beamforming algorithms should be used to approach a certain optimality
criterion on the receiving characteristics of the radiometer?
The layouts of PAFs have been optimized for a minimum number of antenna ele-
ments and a customized beamformer has been developed. It has been shown that all
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radiometer requirements can be fully satisﬁed, and that the designed moon-shaped
PAF allows to achieve a similar performance for all scanned beams with a minimized
complexity of the feeding network with virtually identical optimal excitations. How-
ever, PAFs must employ many antenna elements, therefore, in future work, we plan to
reduce their number further by improving the beamforming algorithm and reducing
the focal length of the toroidal reﬂector. Furthermore, it should be validated how
the modeling assumptions that have been made in the current studies (e.g. inﬁnite
ground plane and ignored array truncation eﬀects) aﬀect the radiometer performance.
Finally, it has been shown how advanced beamforming algorithms can be used to
reduce the calibration complexity of the beam shape, while maintaining high receiving
sensitivity for radio telescopes equipped with PAFs.
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